An experimental investigation of nonlinear interactions between shear Alfvén waves in a laboratory plasma is presented. Two Alfvén waves, generated by a resonant cavity, are observed to beat together, driving a low frequency nonlinear psuedo-mode at the beat frequency. The psuedo-mode then scatters the Alfvén waves, generating a series of sidebands. The observed interaction is very strong, with the normalized amplitude of the driven psuedo-mode comparable to the normalized magnetic field amplitude (δB/B) of the interacting Alfvén waves.
The Alfvén wave is the fundamental low-frequency normal mode of a magnetized plasma and is a ubiquitous feature of space plasmas (e.g. the auroral ionosphere [1] and the solar wind [2] ) and laboratory plasmas (e.g. tokamaks [3] and linear devices [4] ). The linear properties of these waves have recently been explored in detailed laboratory experiments [5, 6, 7] .
However, the nonlinear behavior of Alfvén waves has not been investigated in the laboratory.
From a weak turbulence point of view, nonlinear interactions between Alfvén waves are responsible for the cascade of energy in magnetohydrodynamic (MHD) turbulence [8] . In the incompressible MHD approximation an anisotropic energy cascade results from interactions between counter-propagating shear Alfvén waves [9, 10] . In MHD turbulence theories, interactions are generally assumed to be local in wavenumber space and density fluctuations are assumed to play only a passive role in the cascade [11] . However, nonlocal interactions between shear waves can generate beat-wave driven density fluctuations. This mechanism is essential in decay instabilities such as the parametric [12, 13] and modulational [14, 15] decay instabilities, where the pump and daughter Alfvén waves beat together to drive an ion acoustic wave or a nonlinear psuedo-mode, respectively. In addition, density fluctuations are an integral part of Alfvén waves with small perpendicular scale (dispersive kinetic or inertial Alfvén waves [7] ) and can therefore become active participants in the cascade as it approaches the dissipation scale [16] . Density fluctuations generated at small scale can scatter large scale Alfvén waves [17] , and could therefore influence the cascade at larger scales.
In this Letter, an observation of a nonlinear interaction between shear Alfvén waves in a laboratory plasma is presented. Large amplitude shear Alfvén waves are generated using a resonant cavity. In circumstances where two waves are simultaneously emitted by the cavity, production of sideband waves and low frequency fluctuations at the sideband separation frequency is observed. The interaction is identified as a beat-wave interaction between copropagating shear waves, where a nonlinear psuedo-mode is driven at the beat frequency.
The psuedo-mode then scatters the Alfvén waves, generating a spectrum of sidebands. The amplitude of the driven pseudo-mode is substantial, much larger than would be predicted by simple magnetohydrodynamic (MHD) theory.
The experiments were performed in the upgraded Large Plasma Device (LAPD), which is part of the Basic Plasma Science Facility (BaPSF) [18] at UCLA. LAPD is an 18 m long, 1 m diameter cylindrical vacuum chamber, surrounded by 90 magnetic field coils. Pulsed plasmas (∼ 10 ms in duration) are created at a repetition rate of 1 Hz using a barium oxide coated nickel cathode source. Typical plasma parameters are n e ∼ 1 ×10 12 cm −3 , T e ∼ 6 eV, T i ∼ 1 eV, and B < 2kG. The experiments were performed using helium as a working gas.
LAPD plasmas have values of β = 2µ o nk B (T e + T i )/B 2 comparable to the electron-to-ion mass ratio, β ∼ m e /M i (typical β values range from 5 × 10 −5 to 1 × 10 −3 ). In these experiments, β m e /M i , and the electron thermal speed is therefore larger than the Alfvén speed (v th,e > v A ). The ion sound gyroradius, ρ s , in these experiments is ∼ 0.5 − 1.5 cm.
Large amplitude shear Alfvén waves are generated using the Alfvén wave MASER [19, 20] .
The nickel cathode and semi-transparent molybdenum anode of the plasma source in LAPD define a resonant cavity from which spontaneous shear Alfvén wave MASER emission at In order to conclusively determine the nature of the sideband generation, the capability to externally drive the resonant cavity was developed. To excite the cavity, oscillating currents are driven between the anode and cathode using external power supplies. Figure 2 suggests that the second cavity and the associated reflected shear waves are not essential for the interaction, and that instead it is more likely an interaction between co-propagating shear waves emitted by the cavity. is ∼ 550 km/s and the ion acoustic speed is ∼ 13 km/s. The computed phase velocity is consistent with three-wave matching rules (ω 1 + ω 2 = ω 3 and k 1 + k 2 = k 3 ) using the kinetic shear Alfvén wave dispersion relation,
, where k ⊥ ρ s is taken from a spatial fit of the shear wave eigenmode structure to be ∼ 0.38 for the two interacting Alfvén waves [20] . The low frequency fluctuation does not correspond to a linear plasma wave (e.g. an ion acoustic wave) and is instead a beat-wave driven nonlinear perturbation or psuedo-mode. While the observations are not consistent with a decay instability, it should be pointed out that the modulational instability involves a similar set of modes: in this instability, the pump shear wave decays into a forward-propagating sideband wave and a pseudo-mode at the sideband separation frequency. δB/B, substantially larger than the normalized density perturbation which would be predicted by simple ideal MHD theory (δn/n ∼ (δB/B) 2 ). In addition to density, I sat is sensitive to electron temperature and to any population of fast electrons (those with energies greater than the negative probe bias ∼ 65V ), and therefore fluctuations in these quantities might explain the magnitude of the observed I sat signal.
However, preliminary microwave interferometer measurements indicate that there are significant line-average density fluctuations associated with the psuedo-mode, and that it is therefore largely a fluctuation in density. Future work will focus on measurements to more accurately determine the magnitude of δn/n in the psuedo-mode and compare it with more comprehensive theoretical predictions.
In summary, a nonlinear beat-wave interaction between shear Alfvén waves has been observed. Two resonant-cavity-produced, co-propagating shear waves are observed to beat together, resulting in a low frequency fluctuation at the beat frequency and the subsequent creation of Alfvénic sidebands. The low frequency fluctuation is identified as a nonlinearly driven psuedo-mode generated by the beat between the two co-propagating shear waves.
Counter-propagating interactions will be explored in future experiments, where beat-wave driven ion acoustic waves may be possible.
